The energy storage of photosynthesis in the green alga Chlorella vulgaris was determined by pulsed, time-resolved photoacoustics. The energy storage of the linear electron transfer process in photosynthesis, of cyclic photosystem (PS) I, and possibly of PSII was determined by selection of excitation wavelength and of flash interval. At 695 nm excitation, a rather large cyclic PSI energy storage of 0.68 ± 0.04 eV/quantum of energy at 8 ms after a 1-As flash was obtained. This energy remained the same at flash intervals of 0.35 to 60 s and was independent of the presence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea. We tentatively assign this energy to the ferredoxin-NADP-reductase-ferredoxin and oxidized cytochrome b6/f complexes. An efficient distribution of energy between cyclic and linear systems is obtained with the simple assumption that the turnover time of the cyclic system is slower than that of the linear system. The energy storage of linear electron flow was determined by 655 nm excitation of Chlorella with a short flash interval of 0.35 s per flash. It was calculated to be 0.50 ± 0.03 eV/hv, close to that expected for oxygen and NADPH formation. The energy storage of PSII is determined by excitation of Chlorella at 655 nm with a long flash interval of 60 s per flash. It was calculated to be 1.07 ± 0.05 eV/hv, consistent with the energy storage being in S-states and the secondary electron acceptor of PSII with a calculated redox energy of 1.03 eV/hv. In the presence of 1 AM 3-(3,4-dichlorophenyl)-1,1-dimethylurea, the calculated energy storage in PSII is still significant, 0.53 ± 0.04 eV/hv. This probably indicates a significant cyclic electron flow around PSII. These cyclic flows may contribute considerably to energy storage in photosynthesis.
and accurate measurement of this value. Several workers (9, 13, 20, 26) have applied modulated light photoacoustics to study energy storage at approximately 10 ms. The advantage of pulsed, time-resolved photoacoustic methodology is its more direct connection to the kinetics of thermal changes (28) . The energy storage will begin at 100% (the trap energy, approximately 1.8 eV in green systems) and decrease stepwise through the photosynthetic chain of reactions to that of the final products, roughly 02 and sugars, with a TE of approximately 30%.
Because these reactions occur on different time scales, in principle, the TE for each reaction can be determined by timeresolved photoacoustics. Specifically, the photoacoustic methodology measures the enthalpy of the time-resolved step(s) of the reaction. The difference between these measured enthalpies of reaction and the standard free energy calculated from known values gives information concerning concentration ratios of reactants and other entropic contributions to the system.
In this work, we have applied pulsed, time-resolved photoacoustics to determine the energy storage over the range of 2 to 20 ms following a 1-Ms laser pulse to intact cells of Chlorella vulgaris. The energy storage in intermediates that are formed faster than within 2 ms and that decay slower than within 20 ms is determined. By selection of excitation wavelength, we have determined the TE for linear electron flow through PSII to PSI and that for cyclic electron flow in PSI and possibly in PSII. The energy storage in PSII and in PSI were determined by varying flash intervals and by use of inhibitors.
The technique of photoacoustics has been applied to photosynthetic systems for some time (10, 26, 30) with a variety of useful results, including the direct measurement of 02 formation in intact leaves (8, 11, 28) . A unique application of photoacoustics is to determine the TE3 of photosynthesis, i.e. the ratio of energy stored in the system, following an appropriate delay, to the energy of the absorbed light. The photoacoustic methodology allows an astonishingly simple, fast, ' This work was supported by the National Science Foundation grant DMB 87-18078. 2 Present address: Merck Research Laboratory, P.O. Box 2000, Rahway, NJ 07065.
3 Abbreviations: TE, thermal efficiency; CCCP, carbonyl cyanide m-chlorophenylhydrazone; Cyt b6/f, cytochrome b6/f complex; DBMIB, dibromothymoquinone; FNR, Fd-NADP-reductase; QA and QB, primary and secondary electron acceptors of PSII.
MATERIALS AND METHODS Photoacoustic Apparatus
The pulsed, time-resolved photoacoustic system begins with a 1-,us dye laser (Candela dye laser model LFDL-2 (19) . The light intensity was 130 uE m-2 s-5 (Biospherical Instruments, San Diego, CA, model QSL-100 light meter). We used 3-to 5-d-old cells for our experiments.
A final concentration of 0.1 M NaHCO3 was added to the growth media before filtration, and the cells were filtered onto a support (Millipore membrane filter 8.0 ,um, 1.3 cm diameter) that was then placed into the photoacoustic cell. Changing the concentration of NaHCO3 had no effect on TE. Occasionally, the cells on the filter paper were resuspended into media and counted. The sample comprised two to three layers of Chlorella (average cell diameter 5 ,um). For the DCMU-inhibited sample, 1 uM DCMU final concentration was added to the growth media before filtration. The same procedure was carried out with other inhibitors.
Control Experiment
An experiment was carried out to determine the effect of optical thickness of samples on TE. We found that the signal to noise ratio was too low to make accurate measurement when the sample was less than two layers of Chlorella. The TE remained the same (<±2%) when the sample comprised more than two to three layers of Chlorella. Theoretical calculation was also carried out to determine the effect of optical thickness of samples on TE. The effect was less than 1%. An experiment was carried out to determine the contribution of 02 to the acoustic signal in the case of the algal sample. No 02 was detectable photoacoustically (±2%) with Chlorella samples at the fast flash frequency, in contrast to results with intact leaves. This was due to the thick water layer in the algal samples. The amount of water in the Chlorella sample was determined by weighing, and the water layer was calculated to be approximately 60 ,um thick. The time for an 02 molecule diffusion to the surface is estimated to be a few seconds, too slow to be detected by our microphone. At the slow flash rate, no 02 signal was observed even for leaves, presumably because of loss of the S-states.
The TE of Chlorella was determined as a function of flash interval in the presence and the absence of DCMU at 655 nm. With flash energy of 2.5 x 1013 quanta cm-2 pulse-', the TE was constant (about 20%) from 0.1 to 3 s per flash and then increased to about 29% at 60 s per flash. With 695 nm excitation, the TE does not change over this range of flash intervals.
Theory Calculation of Energy Storage
At the time of a photoacoustic measurement following a As pulse of light to the photosynthetic system otherwise in the dark, the absorbed photon energy (E1t) can be divided into four parts. First, the energy of each absorbed photon above the photosynthetic trap energy (E. approximately 690 nm or 1.8 eV) is immediately degraded to heat. Second, a small fraction of the trap energy is emitted as fluorescence (Efr). Third, a fraction of this energy is degraded to heat in steps previous to the measurement. Both this heat and the prompt excess energy heat are included in the measured heat (Ehd). Finally, there is the energy stored in various ways by the photosynthetic system at the measuring time (Epd). The first factor simply rescales the total energy absorbed by the system:
where vit and v, are the frequency of the absorbed photon and that corresponding to the trap energy, E0, respectively. In the dark, El, is composed of three fractions:
In the presence of continuous saturating background light in which reaction centers are closed, the absorbed pulsed photon energy is emitted as fluorescence (Ef with an increased yield over Ef) and dissipated as heat (Eh'):
The TE is defined as the ratio of (24) , and E is the flash energy in quanta cm-2 pulse-'. The cross-section of PSII is used because the increase in fluorescence yield is essentially all from this photosystem. Yf"' = (vo/vIt) 'fd, 1, where tfd, I are the absolute quantum yields of fluorescence in the dark and in the light, respectively. The mean frequency of fluorescence is assumed to be equal to the trap frequency, v,. For Chlorella, the quantum yields in the dark and in saturating light have been determined to be 2.7% (23) systems, is to divide the TE into that from PSII and that from PSI. This is achieved by excitation with a 'long' flash interval of 60 s per flash or, alternatively, by use of inhibitors. The 'long' flash interval generates the charge-separated species in PSII, S2-and S3-states and QB-, whose lifetimes are longer than the measuring time of 2 to 20 ms but shorter than the time between hits to the reaction centers, approximately 300 s for the lowest flash energy used. DCMU inhibits electron flow from PSII to PSI, and thus the two systems are isolated. We will use both of these analyses on our data where applicable.
The relation between linear and cyclic electron flow is still poorly understood. However, there is a simple mechanism for a maximal TE. If PSI cycled when it did not receive an electron from PSII after a certain time of being 'hit,' TE would be optimized. Thus, a simple assumption, that the turnover time of cyclic electron flow is greater than that of linear flow, is sufficient to ensure a high TE without need of a control system. Because the maximum turnover time of the linear system is about 10 ms when the plastoquinone pool is reduced (29) , the maximum turnover time of the cyclic system would have to be somewhat slower.
Because the linear electron flow from H20 to NADP+ requires a 1:1 ratio of PSI to PSII, using the above assumption the TE can be written as a sum of cumulative one-hit Poisson saturation functions (Eq. 6) (25) . The observed TE is the summation over that for linear electron flow and that for cyclic electron flow and divided by the total number of photons absorbed. (6) (N2U2 + Nja,)E where TE, and TE, are the TEs for the linear electron flow and that for the cyclic electron flow in PSI, respectively. N2 and N, are the numbers of reaction centers of PSII and PSI, respectively, a2 and a, are the optical cross-sections of the photosynthetic units 2 and 1, respectively, and E is the flash energy flux. The factor 2 enters because the linear system requires two excitations. One should note that our assumption on the cyclic electron flow around PSI requires that N, (19) . Figure 2 rella. The solid curve is the theoretical cumulative one-hit Poisson saturation function (Eq. 6) using standard parameters. This reduces the number of unknowns to two, and the fit by least squares gives 38 ± 2% or 0.68 ± 0.04 eV/hv for TEc and 47 ± 9% in TEi0 (Table Ia) 2). The data show 38% or 0.68 eV/hv for TE, upon either fast or slow flashes (Table Ia) . This energy storage in PSI is the same as that obtained from the uninhibited samples.
TE of Linear Electron Flow
The TE of linear electron flow from PSII to PSI was determined by excitation of Chlorella at the fast flash rate at 655 nm. At this wavelength, a, = U2 = a and N2/N1 = 0.5; therefore, 33% of the photons are trapped by PSII (19 (21) . The evidence indicates a second site on the oxidizing side of PSII (12) . Inhibition of storage of the positive charge and charge recombination with QA-in <10 ms would cause a decrease in TE.
TE in the Presence of Other Inhibitors
Experiments were also carried out to determine the TE in the presence of other inhibitors, DBMIB and CCCP, at the two wavelengths with a single flash energy (Table II) . In addition, the TE was determined in the simultaneous presence of two inhibitors, DCMU and DBMIB or DCMU and CCCP, respectively (Table TI) . The TE is not affected by mild heating at 500C for 10 min. However, on heating the sample of Chlorella at 600C for 10 min, the TE is 0 ± 2%. The difference of TE between slow and fast flash rates in the uninhibited sample (Table lIb) is less (5%) than in Table Tb (13%) because of the finite pulse energy (approximately 30% excitation). The data in Table I (Fig. 4) . Similar data were obtained at 655 nm (Fig. 5 ).
DISCUSSION
Our measurement of energy storage in Chlorella at various flash energies, wavelengths, and flash frequencies and in the presence of inhibitors allows us to determine the TEs of both linear and cyclic electron flows, the latter including PSI and possibly PSII. We will begin with cyclic flow about PSI and PSII and then consider linear flow because the results of the former are required for the latter.
Cyclic Electron Flow in PSI
The TE in PSI was determined by excitation of Chlorella at 695 nm. The constancy of the TE, 38% or 0.68 eV/hv (Table  Ia) over a >100-fold range of flash frequency and in the Heat at 50°C for 10 min presence and absence of DCMU supports the contention that this is the energy stored in cyclic PSI. In addition, this result is the same whether estimated by linear-cyclic analysis (Eq. 6) or PSI-PSII analysis (Eq. 8) (Table Ia) . However, this calculated TE is dependent on the ratio of reaction centers of PSII to those of PSI. If this ratio is increased from 0.5 to 1.0, the calculated energy storage of cyclic PSI at either flash rate would only decrease to 34 ± 2% or 0.61 ± 0.04 eV/hv. This equal ratio of PSII and PSI reaction centers was found only in Chlorella grown under extremes of irradiance (19 is 0.7 eV (1). This conclusion is based on the lack of observing delayed luminescence from PSI. If the luminescence yield from PSI differs from that of PSII, the estimate will change accordingly. Our result indicates that the yields are similar or PSI has a lower yield. A conflicting result is the lack of inhibition by DBMIB, which is claimed to inhibit both linear and cyclic electron flows. However, the claim of inhibition of cyclic flow is based on synthetic systems utilizing artificially enhanced cycling, and only certain of these systems, catalyzed by Fd, menadione, thymoquinone, and duroquinone, are inhibited, and not those catalyzed by diaminodurene and methylphenazonium methosulfate (33) . Herbert et al. (20) observed a partial inhibition of a cyclic PSI, measured by modulated light photoacoustics using a much higher concentration (100 FM) of DBMIB in which other inhibitory effects may enter. The light intensity they used is also much higher than that used in our experiments. Possibly, a certain light flux is required, as with DCMU, to observe the inhibition. The same explanation could apply to the CCCP experiment, in which the effect is small and is close to our experimental limit. It is possible that very little proton gradient exists at the very low average light input in the present experiments.
Linear Electron Flow
The overall TE (TEmaxlin.C) at the fast flash rate at 655 nm is 30 ± 1% or 0.56 ± 0.02 eV/hv (Table Ib) 
Isolated PSII
At the slow flash rate with intact Chlorella, the overall TE with 655 nm of light increases to 43 ± 2%, in comparison to 30% at the fast flash rate. At the slow flash rate, the higher S-states are largely lost between excitations. The half-life of the S2-state is 20 s and that of the S3-state is 5 s in Chlorella (22) . On the acceptor side, the electron transfer from QA to QB occurs in 200 gs (7) . QB-has a long lifetime of a few seconds (32) . Thus, at the time of 10 ms and a reaction center II hit rate of about one in 300 s, an energy of 1.03 eV is calculated, corresponding to the redox energy between the S2-state (0.9 eV) (6) and QB-(0.13 eV) (15 (30) , using pulsed light at 677 nm but an essentially single-time point (2 us) resonant detector, found a TE of 85 ± 8% in PSI and 65 ± 7% in PSII particles from the cyanobacterium Synechococcus sp. The higher percentages at this short time correspond to more energetic species such as P680+ and QA-. The above experiments also depend on the quality of the preparation. The advantage of our method is that it allows the study of isolated systems in vivo.
Cyclic Electron Flow in PSII
A striking result is that DCMU does not lower the overall TE at 655 nm (30 versus 33 or 43 versus 43%) ( Table Ib) .
Any change at 1 ,lM DCMU is within the error at 655 nm using either fast or slow flash rates. One complication in these experiments is the reoxidation of QA-in the presence of DCMU. In Chlorella, the dark decay of increased fluorescence has a lifetime (nonexponential) of approximately 0.7 s (4). Thus, at the slow flash rate, no effect of DCMU is expected. The energy is simply stored in QA-and the S2-state with a calculated redox energy difference of 0.92 eV (6) (Fig. 5) . Note that these results with DCMU cannot be explained by an efficient 'spillover' mechanism by which energy absorbed by the PSII antennae but not used at reaction center II is transferred to PSI. Were that the case, the apparent cross-section of the measurement at 655 nm would double, and this is not observed (Fig. 3) .
We conclude that we have some evidence that at 20 ms energy storage of 0.53 eV/hV occurs in a cyclic PSII. The high potential Cyt b559 is a feasible candidate for this energy storage if its turnover time is in fact <0.1 s (35) .
The continuous background light saturation curves with 695 and 655 nm excitation show that the TE is not 'rescued' or 'induced' by the presence of a small amount of continuous light (Figs. 4 and 5) . These results indicate that the very low light level of our pulsed measurements does not require a supplement (induction) by weak background light. The higher TE with 655 nm at 60 s per flash than that at 0.35 s per flash shows that the higher energy is stored in chargeseparated intermediates rather than in final products as discussed above.
In conclusion, the energy storage in cyclic PSI in intact Chlorella has been determined to be 0.68 eV/hv and that for linear electron flow to be 0.50 eV/hv. The small DCMU effect on PSII TE may indicate a significant cyclic electron flow in PSII.
